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ABSTRACT
The Doppler method of exoplanet detection has been extremely successful, but suffers
from contaminating noise from stellar activity. In this work a model of a rotating star
with a magnetic field based on the geometry of the K2 star  Eridani is presented
and used to estimate its effect on simulated radial velocity measurements. A number
of different distributions of unresolved magnetic spots were simulated on top of the
observed large-scale magnetic maps obtained from eight years of spectropolarimetric
observations. The radial velocity signals due to the magnetic spots have amplitudes
of up to 10 m s−1, high enough to prevent the detection of planets under 20 Earth
masses in temperate zones of solar type stars. We show that the radial velocity de-
pends heavily on spot distribution. Our results emphasize that understanding stellar
magnetic activity and spot distribution is crucial for detection of Earth analogues.
Key words: stars: activity – stars: magnetic field – (stars:) starspots – techniques:
radial velocities – stars: individual: HD22049
1 INTRODUCTION
The Doppler method is one of the most important methods
of exoplanet detection that led to the discovery or confirma-
tion of a wide range of exoplanets. It measures the reflect
motion of the star, as the planet orbits it, by measuring
small doppler shifts in narrow spectral absorption features
of the star. It is very reliable for exoplanets that are large
and close to the host star, but gets more challenging to-
wards lower planet masses and higher separations. This af-
fects our capability to detect Earth mass planets in tem-
perate zones of their host stars. To detect those systems,
extremely precise radial velocity (RV) measurements are re-
quired (∼0.09 m s−1 to detect Earth around the Sun, for in-
stance). Current Doppler velocitimeters are very stable high
resolution spectrographs (HARPS, CARMENES, SOPHIE,
ESPRESSO etc), and are getting close to this precision (e.g.
Pepe et al. 2010; Gonza´lez Herna´ndez et al. 2018). However,
? E-mail: m.lisogorskyi@herts.ac.uk
rotation and magnetic activity of the host star can hide an
existing planet or mimic a planetary signal. As a result, even
though some studies focus on young stars (e.g. Lagrange
et al. 2013; Grandjean et al. 2020), the majority of studies
are directed towards older and less active stars. One example
of a young star that has been extensively observed with the
radial velocity technique is  Eridani.  Eri (HD 22049) is a
young (440 Myr, Barnes 2007) Sun-like star (K2V, Keenan
& McNeil 1989), at a distance of 3.212 pc from the Sun.
It is more active than the Sun (log R′HK = −4.455, Barnes
2007), with a rotation period of 11.68 days (Rueedi et al.
1997). Observations of its chromospheric activity using the
Ca II H&K lines indicate a strong and highly variable mag-
netic activity. Unlike the quasi periodic activity cycle of the
Sun,  Eridani has two co-existing activity cycles of 3 and
13 years (Metcalfe et al. 2013).
The first observations of  Eridani’s variable radial ve-
locity were reported by Campbell et al. (1988). Later, a sig-
nal with a period of approximately seven years was detected
in RV data (Cumming et al. 1999) and then interpreted
c© 2020 The Authors
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as planetary signal (Hatzes et al. 2000) corresponding to a
Jovian-mass exoplanet with an exceptionally high eccentric-
ity of 0.6, an orbital period of 2500 days and semi-amplitude
of 19 m s−1. The existence of the planet has been debated
for a long time, as the orbital parameters obtained using ad-
ditional observations differed significantly from the previous
solutions (Anglada-Escude´ & Butler 2012), and such a high
eccentricity is incompatible with the debris disk around the
star (Brogi et al. 2009). After 20 years of debates about pos-
sible confusion with stellar noise and joint Bayesian analysis
of state-of-the art direct imaging observations and 30 years
worth of radial velocity data, it is asserted as a confirmed
planet (Mawet et al. 2019) with a close to circular orbit
(e = 0.07+0.06−0.05) of 2691.8 ± 25.6 days and an amplitude of
11.49± 0.66 m s−1. To find smaller planets or planets with
longer periods around this or similar stars, we would need a
better understanding of stellar activity.
The impact of dark spots and bright plages on RV data
has been extensively studied in the literature (e.g. Saar &
Donahue 1997; Hatzes 2002; Lagrange et al. 2010; Jeffers
et al. 2014a; Barnes et al. 2017; Ko˝va´ri et al. 2019), but
only few studies investigated effects of the magnetic field
in starspots via Zeeman broadening (Reiners et al. 2013;
He´brard et al. 2014, 2016; Mortier 2016; Donati et al. 2017;
Haywood et al. 2020), showing that magnetic activity is a
good tracer of activity component of RV.
In this work we aim to quantify the contribution of re-
solved and unresolved magnetic spots (small scale magnetic
regions) on radial velocity measurements of the star and,
subsequently, detection of exoplanets. Other effects such as
brightness contrast or the convective blueshift have previ-
ously been investigated by e.g. Meunier et al. (2017), and
are not included in our model at this stage. Our aim in this
paper is to quantify the impact of both the large magnetic
features and small unresolved magnetic spots on the star’s
RV precision. We use observations of the magnetic field of
 Eri, recovered using Zeeman-Doppler Imaging (ZDI, Petit
et al. 2008; Jeffers et al. 2014b, 2017). ZDI enables recon-
struction of the geometry of the star’s large-scale magnetic
field. The small scale features like magnetic spots are not
resolved with this technique (Lang et al. 2014), so we model
them in addition to the ZDI maps.
This paper is structured as follows: the observations of
the large-scale magnetic field and magnetic spot modelling
are described in Sections 2.1, and Section 2.2, and the radial
velocity measurements in Section 2.3. The results are shown
in Section 3. The radial velocity impact of the magnetic field
is shown in Section 3.1 and planet detectability in Section
3.2. Our conclusions are discussed in Section 4.
2 MODELLING
The model presented here only considers the impact of the
Zeeman effect on the radial velocity measurements and mag-
netic spots are modelled as small areas with high magnetic
field strength.
2.1 Magnetic field
We use eight epochs of magnetic maps from Jeffers et al.
(2014b) and Jeffers et al. (2017) that span nearly eight
years and cover almost three S-index cycles (Metcalfe et al.
2013): 2007.08, 2008.09, 2010.04, 2011.81, 2012.82, 2013.75,
2014.84, and 2015.01. The observations were secured with
the e´chelle spectropolarimeter NARVAL (R ∼ 65000). The
data analysis techniques used to reconstruct the large-scale
magnetic field of  Eri is described by Jeffers et al. (2014b).
Maps of the radial component of the magnetic field are
shown in the appendix (Figure 1). The large-scale magnetic
field topology changes quite substantially during the period
of observations. In epoch 2007.08 a very distinct dipolar
structure is observed, which is not present in 2008.09 or
2010.04, where the main feature is a polar region of nega-
tive polarity. This region changes to a positive polarity and
back, finally showing a dipolar structure again in 2013.75,
but with reversed polarity.
2.2 Simulated magnetic spots
While ZDI can recover the large-scale geometry of surface
magnetic field, small features, such as magnetic spots, re-
main undetected. Even though presence of magnetic spots
was determined for some stars, the sizes and distribution of
these spots remain unknown and might differ for young low-
mass stars compared to the Sun (Berdyugina 2005; Donati
& Landstreet 2009; Strassmeier 2009). We account for this
in our models by using multiple distributions of the small
and unresolved magnetic spots.
For low-mass stars, the averaged surface magnetic field
measured from Stokes I is at least 10 times stronger than
that measured from Stokes V (Wade et al. 2000; Reiners
2012; Lehmann et al. 2018; Kochukhov et al. 2020), because
it is not cancelled out like Stokes V. If there are magnetic
spots (even of opposite polarity) on the surface, they add
together to result in the Stokes I field. For an active star we
can assume that the Stokes I field is entirely coming from
star spots. If that is the case then we can define a simple
relation between magnetic spot numbers and the Stokes I
field. Our simulated stellar surface is made up of N elements
and we assume a single spot is equal to one surface element.
We calculate the number of spots based on the following
equation:
Nspots =
NBI
Bspot
≈ 10NBV
Bspot
, (1)
where BI is magnetic field from Stokes I, BV is magnetic
field from Stokes V and Bspot is the field strength of a single
magnetic spot. In this paper we use a grid of 5000 elements
between latitudes of 70◦ and −30◦ (due to the observed in-
clination of the star, not an intrinsic property of the mag-
netic field distribution). Maximum magnetic field strength
BV measured by Jeffers et al. (2014b) is 42 G, maximum
field strength of a spot Bspot that we used is 3 kG, resulting
in 700 spots in total. The size of a single surface element is
180 µHem, which is comparable to a small sunspot (Mandal
& Banerjee 2016). As the spots are randomly distributed
across the surface elements, some of them will be next to
each other, thus creating a bigger spot.
The magnetic spot distribution cases considered in this
paper are as follows:
Case (i) Only the large scale magnetic field measured
using ZDI, up to 42 G, as measured by Jeffers et al. (2014b)
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and Jeffers et al. (2017) without any additional simulated
magnetic spots.
Case (ii) Positive and negative spots of equal strength
(1 kG) are randomly distributed across all rotation phases
and effectively all latitudes.
Case (iii) Randomly distributed magnetic spots of both
positive and negative polarity that have at least a 3 kG
magnetic field. It is a strong field but not unreasonable (e.g.
Saar 1990; Lo¨ptien et al. 2020)
Case (iv) Same number of spots as in the previous case,
but the positive spots have field strengths of 4 kG and the
negative spots have field strength of 2 kG.
Case (v) The spots are only simulated in areas where
large magnetic regions are present. In the regions of strong
positive field we simulate stronger positive spots (3 kG) and
weaker negative spots (1 kG), and the opposite for the neg-
ative regions. The distribution is still random but just local-
ized to certain phase ranges.
Case (vi) Artificial star with the same stellar parame-
ters as  Eri (inclination, v sini, rotation period etc) with no
large-scale field. Both positive and negative spots are 3 kG.
Only one epoch of observations with a random distribution
of spots is produced.
The resulting magnetic maps can be found in the ap-
pendix (Figures 1–6). The reconstruction of the large-scale
magnetic field at epoch of observation takes into account
stellar effects such as differential rotation and evolution of
the magnetic field. The lifetime of the small unresolved spots
is not included in the model and is effectively the same in
all cases. The lifetimes of the small spots is longer than
the timeframe used to reconstruct each ZDI map. The only
difference between the cases is the distribution and field
strength of the magnetic spots.
To compute synthetic line profiles, we use the simu-
lated magnetic field maps divided into a grid of pixels, each
being associated with a local Stokes I profile, using the
method from Petit et al. (2009). Profiles between the ob-
served epochs are interpolated.
2.3 Simulation of radial velocity measurements
To simulate radial velocity observations, we use the LSD
profiles generated for a set of stellar rotation phases. Each
profile, centred at 5500A˚, is chosen depending on the rota-
tional phase of the star at the time of the simulated obser-
vation and the epoch. If we inject a planetary signal into the
simulation (Section 3.2), the line profile is Doppler-shifted
according to the Keplerian signal. To simulate instrumental
noise of approximately 10 cm s−1 in radial velocity (achiev-
able with ESPRESSO, Pepe et al. 2010), Gaussian noise is
added to the profile. All the profiles in the simulated ob-
servation set are averaged to produce a template, that is
cross-correlated with every profile to measure the radial ve-
locity.
We have approximately one magnetic map per year, but
it was shown that the magnetic field of  Eri changes drasti-
cally on a time-scale of only months (Jeffers et al. 2017). To
account for this, we include two maps spaced only 2 months
apart in November 2014 and January 2015. In this paper,
the shape of each LSD profile (before adding Doppler shift
and noise) was interpolated between the epochs, according
to the time of observation, thus creating a smooth shape
transition from one magnetic map to another. This approach
does not provide any information about shorter time-scales
due to the data sampling, but still provides good constraints
on long term effects caused by the stellar magnetic cycle and
the amplitude of the radial velocity noise.
We compute a Lomb-Scargle periodogram (Lomb 1976;
Scargle 1982) of the resulting RV curve and fit a Keplerian
orbit using a non-linear least squares method to retrieve the
planetary signal. The code was developed in python and is
available on github1.
3 RESULTS
Based of the set up described above we investigate the effect
of magnetic field on radial velocity measurements with and
without magnetic spots and the detectability of planets in
presence of magnetic spots.
The main results are presented in Figures 1 and 2, which
show the simulated radial velocity measurements for each of
the considered magnetic spot distribution cases (top to bot-
tom) and for each epoch of the observations (left to right),
and the whole time series, respectively. The detectability of
a range of different planets in presence of this noise is shown
on Figure 3 for each of the cases and for two observational
strategies: randomly spaced observations (left column) and
clusters of observations (right column).
3.1 Effect of the magnetic field
In this section only effects of the magnetic field and instru-
mental noise are introduced, without any planetary signals.
First we consider the radial velocity produced by the mag-
netic field with spots at the stellar rotation period. The simu-
lated radial velocity curves around each observational epoch
for each of the magnetic maps are shown on Figure 1. The
different spot distribution cases (described in Section 2.2)
are shown from top to bottom (marked on the left), and the
eight epochs are plotted from left to right. The measured
line shape variation due to the large scale field (case i) has a
radial velocity effect of the order of 2 cm s−1 and is almost
completely hidden behind the noise. Including the magnetic
spots created a significant radial velocity effect with ampli-
tudes ranging from ∼ 1 m s−1 (case ii) to 10 m s−1 (case
v). This also shows how significantly the distribution of the
spots changes the radial velocity of the star.
As one would expect, the Zeeman effect can introduce
RV curves with various shapes, frequently having primary
and secondary peaks. A similar radial velocity pattern is
present in in the CHIRON (Cerro Tololo Inter-American Ob-
servatory High Resolution Spectrometer) observations of 
Eri in September 2014 (Giguere et al. 2016), close to the
2014.84 epoch, but with a higher amplitude.
Figure 2 shows the effect of the magnetic field on radial
velocity measurements for each of the considered cases. It
shows the same result as Figure 1, but on a longer time-scale.
The observed epochs are indicated with vertical lines and
the simulated observations between them are interpolated
1 https://github.com/timberhill/radiant
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Figure 1. Radial velocity curves, computed using magnetic maps and the simulated spots. The simulations using different magnetic
maps are shown top to bottom (see Section 2.2 and the appendix for the spots distribution). The observing epochs are shown left to
right for each case. Two periods of stellar rotation (11.68 days) are plotted and indicated by the gray vertical lines. The colours represent
different epochs and are consistent with Figure 2.
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Figure 2. Radial velocity curves, computed using magnetic maps and the simulated spots over the whole span of observations. The
eight simulations use different magnetic maps (see Section 2.2 and the appendix for the spots distribution). Vertical dashed lines show
observation epochs, colours are consistent with Figure 2. This figure shows the same results as Figure 1, but on a longer time-scale.
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as described in Section 2.3. The observations were randomly
distributed and no signals beyond the stellar rotation period
are present.
This plot illustrates the dramatic changes of the RMS
from one epoch to another, even using the same approach to
the spot distribution. The radial velocity effect of the large
scale magnetic field, which does not exceed 42 G across all
considered epochs, is quite small and is below the precision
of current instruments (∼ 2 cm s−1) (Gonza´lez Herna´ndez
et al. 2018). The small unresolved magnetic spots, on the
other hand, produce enough noise to mask Earth mass plan-
ets via the Zeeman effect alone.
The seemingly smooth curves originate from the way
profiles in between observations are interpolated and the ac-
tual data is eight epochs, marked with vertical lines on Fig-
ure 2. Even though there is no sign of the three year activity
cycle, the simulated radial velocity measurements do show
some structure, especially prominent in case v (centre right
panel on Figure 2), where spots are only simulated in areas
with large magnetic regions. If we consider the probability of
measuring a given radial velocity without prior knowledge
about the phase of the star and magnetic field geometry,
then the probability of measuring 2 m s−1 around t = 1500
is higher than measuring 0 m s−1. The same applies to the
cluster of points around day t = 500 and t = 2000 of case iii.
This may create a bias in long baseline RV measurements
depending on the observing strategy if they don’t cover a
full rotation of the star (e.g. Anglada-Escude´ et al. 2016).
3.2 Detectability of planets
To investigate whether the magnetic field effect on radial
velocity influences planetary detection, we simulated a grid
of planets with masses of 1, 2, 5, 10, 20, 50, 100, 159, 318,
636, 1589 M⊕ and semi-major axes of 0.01, 0.02, 0.05, 0.1,
0.2, 0.5, 1, 2, 5 au. All simulated planets have circular orbits.
Each orbit is simulated and fitted 10 times in the dif-
ferent parts of the available observations span of 8 years.
The fitted planetary mass errors are then calculated and av-
eraged for each of the cases. Two observational strategies
were compared – singular observations with random step
and clustered (observations made in batches).
We use the relative errors in mass and period as de-
tectability criteria, calculated as |Mfit −M |/M , and |Pfit −
P |/P , respectively, where Mfit and Pfit are the derived mass
and period of a planet, M and P are the true mass and
period of a planet. Some of the fits, especially of the long-
period and low-mass planets, result in a mass error of more
than 100 per cent and they are listed as > 1 as it is a natural
cut-off. For periods, we consider 50 per cent error to be a
cut-off.
In both cases the three orbital periods were covered with
30 observations per period. The fits at 5 au have orbital pe-
riod longer than the available observation span and therefore
are not reliable but are included for completeness. Figure 3
shows the detectability of planets for each of the correspond-
ing cases and observational strategies. The left panel shows
relative mass error (in red) and the right panel shows rela-
tive error in period determination (in blue). White squares
mean the planet’s mass or period were recovered precisely
(typically within 1 per cent, darkest squares indicate a mass
error of > 100 per cent, or a period error of > 50 per cent.
The panels have two columns, showing the results computed
using randomly spaced observations and clustered observa-
tions. The fits in general were of comparable quality for both
approaches.
Case i (top panels on Figure 3) can be used as a bench-
mark as the large scale magnetic field effect is very small and
the instrumental noise is dominant. In all cases, high-mass
objects are nearly always recovered and so appear as white
whereas lower mass planets (e.g., 1 M⊕) are only recovered
at small semi-major axes or where there are no spots (case
i).
Majority of the initial planetary periods are recovered
within 1 per cent, except for the planets with amplitudes well
below the noise. The masses are less well recovered which is
explained by the fact that we are not introducing signals
apart from the rotation of the star. The masses of the plan-
ets, however, are much larger due to the noise introduced.
In addition, there is an increase of detectable planets mass
at a = 0.1 au, where orbital period is very close to stellar
rotation period. For heavier planets the fits get better as the
planetary signal starts to dominate in amplitude. This in-
cludes the proposed  Eri b, which has a mass of 247.9 M⊕
and the semi-major axis of 3.48 au, resulting in the semi-
amplitude of the radial velocity signal of 11.8 m s−1 (Mawet
et al. 2019).
We adopted a simple approach of planet recovery that
is consistent and illustrates the detectability between dif-
ferent magnetic field configurations. The rotational signal
could be subtracted to improve the fits, but it would still be
hiding planets close to the rotation period or its harmonics.
Furthermore, the magnetic field noise can be also be decor-
related by measuring widths of Zeeman-sensitive lines in the
spectrum, but this is outside the scope of this paper.
4 SUMMARY AND DISCUSSION
In this work we presented a simple model for estimating ra-
dial velocity effects of magnetic spots using Stokes V obser-
vations of  Eridani. We quantified the radial velocity impact
of the measured large scale magnetic field of the star, as well
as unobserved magnetic spots.
The observed large scale magnetic fields have a very
small impact on the radial velocity – about 2 cm s−1 – which
below the detection limit even of the most precise instru-
ments like ESPRESSO. The unresolved magnetic spots, on
the other hand, might create a strong radial velocity signa-
ture up to 10 m s−1, which is consistent with observation
of the Sun as a star. A signal of this amplitude can hide or
mimic planets under 20 Earth masses in a temperate zone of
a Sun-like star. This level of noise is introduced by the sim-
ulated rotation of the star and long-term variability present
in the magnetic maps that span almost three S-index cycles.
The radial velocity amplitude also depends heavily on
the distribution of the magnetic spots. Using the same ap-
proach to the spot distribution, the radial velocity effect can
change drastically from one observing season to another. In
the future we will apply this approach to other stars with
a range of spectral types. For instance, the unresolved mag-
netic field can be measured with an indication of its com-
plexity using methods such as those developed by (Shulyak
et al. 2019). A better understanding of the relationship be-
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Figure 3. Planet detection simulations that show a mass and period fit errors for grids of simulated planets for each of the spot
distribution cases (section 2.2) and observational strategies. Top to bottom: different spot distributions, as described in Section 2.2. Left
to right: mass error using randomly spaced observations, mass error using clustered observations, period error using randomly spaced
observations, period error using clustered observations. Red colour indicates a relative error in mass fit over 100 per cent and the blue
colour indicates a relative error in period determination over 50 per cent. White denotes a small mass or period error and a precise
retrieval of the planet (typically within 1 per cent).
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tween the magnetic field of a star and its measured radial
velocity is essential to understanding stellar activity and de-
tection of Earth-sized planets around solar type stars.
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Figure 1. Magnetic field maps of  Eridani for eight epochs of observations (see sub-captions), according to case i. Bright areas indicate
positive polarity and dark – negative polarity.
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Figure 2. Magnetic field maps of  Eridani for eight epochs of observations (see sub-captions) and simulated magnetic spots, according
to case ii. Bright areas indicate positive polarity and dark – negative polarity.
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Figure 3. Magnetic field maps of  Eridani for eight epochs of observations (see sub-captions) and simulated magnetic spots, according
to case iii. Bright areas indicate positive polarity and dark – negative polarity.
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Figure 4. Magnetic field maps of  Eridani for eight epochs of observations (see sub-captions) and simulated magnetic spots, according
to case iv. Bright areas indicate positive polarity and dark – negative polarity.
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Figure 5. Magnetic field maps of  Eridani for eight epochs of observations (see sub-captions) and simulated magnetic spots, according
to case v. Bright areas indicate positive polarity and dark – negative polarity.
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Figure 6. Magnetic field maps of  Eridani for eight epochs of observations (see sub-captions) and simulated magnetic spots, according
to case vi. Bright areas indicate positive polarity and dark – negative polarity.
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